There have been many outbreaks of hydropericardium syndrome (HPS), which is characterized by pericardial effusion and hepatitis, in Chinese chicken farms since June 2015. HPS was mainly found in miscellaneous meat-type chickens, Ma chickens, layer chicks and Three-yellow chickens, while it was occasionally found in white broilers. To determine the specific causative pathogen and pathogenicity of HPS in chickens, we collected 25 suspected cases and performed clinical pathology and aetiology analyses. The results showed that the 25 cases exhibited multifocal hepatitis with intra-nuclear inclusion bodies and 70 nm-latticed viral particles in the cell nuclei. All samples were positive for fowl adenovirus (FAdV), and sequencing results showed that the hexon gene shared the highest nucleotide similarities with the hexon gene of group 1 serotype 4 (FAdV-4). FAdV-4 was highly pathogenic to embryos and specific pathogenfree chickens, causing 100 and 70 % mortality rates, respectively. Thus, FAdV-4 is associated with HPS outbreaks in China.
Hydropericardium syndrome (HPS) is an infectious disease of chickens that is characterized by high mortality rates (20-70 %), which results in severe economic losses (Dahiya et al., 2002; Schachner et al., 2014; Steer et al., 2015) . HPS was originally reported in Pakistan in 1987 (Anjum et al., 1989) . Subsequently, it rapidly spread throughout the world, including countries such as Korea (Kim et al., 2008) , Hungary (Kaj an et al., 2013) and Japan (Mase et al., 2012) . Generally, HPS occurs in broilers at 3 to 7 weeks of age without leading to a high mortality rate or major epidemics in other varieties of chicken. Prior to 2015, individual HPS cases were occasionally reported in China, mainly in white broilers (Zhao et al., 2015) . However, the number of HPS cases gradually increased, and different breeds of chicken showed similar clinical signs throughout China, including the provinces of Henan, Hebei, Tianjin, Liaoning, Shandong and Guangdong, and this has been especially prevalent in Shandong since June 2015. At present, fowl adenoviruses (FAdVs) belonging to group 1 serotype 4 (FAdV-4) have been isolated from many such chickens.
FAdVs are double-stranded, non-enveloped DNA viruses with diameters of 60-90 nm (Adair et al., 1979) , belonging to the family Adenoviridae, genus Aviadenovirus, which is classified into three groups (1-3). Group 1 is divided into five species (FAdV A, B, C, D and E) with 12 serotypes (FAdV-1 to -8a and -8b to -11), as determined by restriction enzyme digest patterns and serum cross-neutralization tests (Hess, 2000; Balamurugan & Kataria, 2004) . HPS is caused by FAdV-4, which has been classified as FAdV-C (Jadhao et al., 1997; Mazaheri et al., 1998) . However, the genetic relationship among FAdV-4 isolates has not been fully analysed. Recently, outbreaks of HPS caused by FAdV have been found in China and the genetic information for the causative viruses has been deposited in GenBank. Here, we performed a phylogenetic analysis of viruses isolated from 25 new cases, as well as 25 reference isolates, to gain insights into the epidemiology of FAdV and its association with HPS in China. Furthermore, we examined clinical signs and necrotic features, conducted histopathological examinations, isolated and identified the viruses, and examined their pathogenicity in chicken embryos and specific pathogen-free (SPF) chickens.
We used 25 different commercial flocks located in Shandong province and nearby areas, where chickens were suffering from hepatic haemorrhage and hydropericardia; chickens were obtained from August to November 2015. These flocks consisted of 10 miscellaneous meat-type chickens (a cross between white cocks and commoditylaying hens), seven Ma chickens (a local variety), six layer chicks of different ages, and two Three-yellow chickens (a local variety). The flock size of the poultry farms ranged from 1500 to 30 000 birds, and chicken ages ranged from 7 to 80 days. Vaccination of miscellaneous meat-type chicken, Ma chicken, layer chick and Three-yellow chicken usually involves immunization with a moderately virulent bursal disease vaccine (strain B87) at 7, 14, 14 and 35, and 7 days of age, respectively. The disease was acute and highly contagious with mortality rates ranging from 10 to 58 %. In general, mortality peaked after 3-4 days, declined after 9-14 days and then the sick chicks recovered. The epidemiological details are presented in Table 1 .
To detect FAdV in the 25 HPS-suspected flocks, one primer pair was designed based on the conserved sequence of the hexon gene of the Chicken embryo lethal orphan (CELO) strain (GenBank accession no. U46933), which contained diagnostically relevant sequences that can be used to identify the group and type of FAdV (Chiocca et al., 1996; Mase et al., 2009) , and it successfully amplified a 508 bp viral DNA from liver samples. To detect other viruses, including infectious bursal disease virus (IBDV), Newcastle disease virus (NDV), avian influenza virus (AIV) (H5 and H9 subtypes), Marek's disease virus (MDV), reticuloendotheliosis virus (REV), chicken infectious anaemia virus (CIAV) and avian leukosis virus subgroup J (ALV-J), seven primer pairs (Table S1 , available in the online Supplementary Material) were used in PCR or reverse transcription (RT)-PCRs, as described previously (Smith et al., 1998; Ji et al., 2001; Liu et al., 2013 Liu et al., , 2014 . The results showed that all 25 flocks were positive for FAdV, but negative for NDV, AIV (H5 and H9 subtypes) and IBDV. CIAV was detected in 15 (60 %) of the flocks, MDV was detected in 12 (48 %) of the flocks, ALV-J was detected in 10 (40 %) of the flocks and REV was detected in 4 (16 %) of the flocks. In addition, 16, 32 and 1 % of these flocks were infected with two, three or four immunosuppressive pathogens, respectively. Only three (12 %) of the flocks were solely infected with FAdV. These results indicate that almost all of the flocks suffered from co-infections with two or three immunosuppressive pathogens, and they suggest that strategies should be employed to examine chickens for the presence of leukaemia and MDV during HPS epidemics. Additionally, epidemiological data showed that outbreaks of HPS in some flocks occurred after immunization with a moderately virulent bursal disease vaccine (strain B87). This suggests that Y.-J. Niu and others the virulence of this vaccine could have substantial immunosuppressive effect because of a relatively low level of maternal antibodies; therefore, bursa of Fabricius immunization may also be a causal factor in HPS outbreaks.
During the investigation, we also found that clinically affected chickens showed depression, huddling, ruffled feathers, wing drooping, ataxia, inappetence and diarrhoea with white-green faeces, followed by death. Systematic necropsies, including birds that had had hydropericarditis, hepatitis (Fig. 1a) , pancreatic necrosis (Fig. 1b) , nephritis ( Fig. 1c ) and pulmonary oedema (Fig. 1d) , were performed on HPS-suspected chickens. With regard to microscopic lesions in the liver, there were small multifocal areas of coagulative necrosis and many hepatocytes had large, round, eosinophilic or basophilic intranuclear inclusion bodies (Fig. 1e) . The accumulation of mononuclear cells was observed in some areas of the heart (Fig. 1f) . In the pancreas, there was massive degeneration or necrosis of the acinar epithelium, and viral inclusion bodies appeared in the cell nuclei (Fig. 1g) . In the kidneys, there was severe hyperaemia and massive degeneration of the epithelium in all renal tubules (Fig. 1h) . In the lungs, there was congestion and various degrees of oedema (Fig. 1i) . In the brain, there was slight viral encephalitis with lymphocyte infiltration around the blood vessels. (Fig. 1j) . As revealed by transmission electron microscopy (TEM) diagnosis, 70 nm viruses were seen to form a lattice pattern, most of which were located in the nuclei of hepatocytes (Fig. 1k) . For noninfected chickens, no virus particles were observed in the cytoplasm and nuclei of liver cells and the nuclear membrane was intact (Fig. 1l) . The gross lesions and the results of histological examination are consistent with HPS. The pathology results indicate that FAdV is a pantropic virus that may replicate in multiple organs. However, viral inclusion bodies only appeared in hepatocytes and pancreatic acinar cells (Nakamura et al., 2002) . Thus, an understanding of viral tropism could help in the prediction and study of pathogenic mechanisms, which will prevent HPS in the future.
Here, to further study the serotype of the FAdV isolates, a phylogenetic analysis was performed. The sequences of the 25 new isolates (accession nos. KU167610-KU167634) were aligned with 25 reference sequences in GenBank, and phylogenetic trees were constructed using MEGA V6.0 software (http://www.megasoftware.net/) by the neighbour-joining method and 1000 bootstrap replications (Fig. 1m) . The analysis resulted in a classification of all 50 FAdVs into three main groups (1-3) containing five subgroups (A-E). The 25 new sequences shared higher nucleotide similarity with FAdV-4 (FAdV-C), but they shared less similarity with other serotypes of groups 1, 2 and 3, which belonged to different evolutionary branches. The sequencing results showed that they shared 99.2-100 % nucleotide similarity among them and 71.3-100 %, 51.8-52.2 % and 50.8-51.3 % nucleotide similarity with other serotypes of groups 1, 2 (AF074946) and 3 (Y09598) FAdVs, respectively. Within group 1, the detected gene shared nucleotide similarity of 78.1-78.5 % with FAdV-A (U46933); 78.6-78.8 % similarity with FAdV-B (AY683546); 98.2-100 % similarity with FAdV-C (KP295475, KM096544, KJ207054, HQ709227, HQ709225, HE608152, GU188428, EU177546, EU931691, EU931690 and EU938324); 71.3-78.0 % similarity with FAdV-D (AY683544, AY683552, AY683543, KM096546 and KM096545); and 77.6-79.5 % similarity with FAdV-E (GU734104, JN112373, AY683548 and AY683547). The results showed that FAdV-4 is the dominant pathogen in this HPS outbreak in China. All 25 FAdV-4 isolates obtained from China were identical, which suggests that they were derived from a common ancestor. Furthermore, the 25 new isolates were also identical to FAdV-4 viruses isolated from HPS cases in other countries (Russia, Korea, Austria, Canada and India) (Shahzad et al., 1999; Ojkic et al., 2008; Choi et al., 2012; Mittal et al., 2014) . This indicates that FAdV-4 may have spread entirely from a common ancestor, although epidemiological relationships are unknown.
Subsequently, the pathogenicity of the newly isolated FAdV-4 strain was evaluated in chicken embryos and 7-day-old SPF chickens. FAdV was purified in chicken embryos, and 10 3.5 median embryo infectious doses (EID 50 ) (with a titre of 10 4.25 EID 50 /0.2 ml) were inoculated into ten 9-day-old SPF embryonic chicken eggs (n=10; Poultry Institute, Shandong Academy of Agricultural Sciences, Jinan City, China) via the yolk sac. Five eggs inoculated with PBS were used as negative controls. The inoculated eggs were C for 144 h, and dead eggs were discarded within 24 h of incubation. All of the infected chicken embryos died, which was significantly different from the number of deaths in the control group at the end of the observation period (P<0.01). One died at 3 d post-inoculation (dpi), three died at 5 dpi, four died at 6 dpi and two died at 7 dpi (Fig. 2h) . The allantoic membranes exhibited varied degrees of thickening and oedema, and the chicks showed dysplasia, a scarcity of feathers, haemorrhagic spots on the skin (Fig. 2a) and breast muscles with stripe-like haemorrhages (Fig. 2b) . Necropsy was performed on dead chicken embryos, and the most prominent gross lesion was the accumulation of clear, watery fluid in the pericardial sac. The heart was misshapen and flabby. The liver was swollen, friable and exhibited multifocal areas of necrosis and petechial haemorrhage (Fig. 2c) . The kidney was enlarged and haematostatic (Fig. 2d) . The embryos in the negative control group developed normally. During the chicken experimental period, twenty 7-day-old SPF chickens were randomly divided into infected and control groups. Each group contained 10 chickens. Ten SPF chickens in the infected group were inoculated with 0.2 ml (10 3.5 EID 50 ) of virus via subcutaneous injection, while the controls were inoculated with 0.2 ml of PBS in the same manner. The animals were placed in negative-pressure-filtered air isolators for 3 weeks. All animal experiments were approved by the Animal Ethics Committee of Laboratory Animals at Shandong Agricultural University, and performed according to international standards for animal welfare (SDAUA-2015-003) . The survival rate of the infected group was 30 %, which was significantly lower than that of the control group at the end of the experiment (P=0.0012). The infected chickens showed signs of depression after 2 dpi, and one died at 3 dpi, three died at 4 dpi, two died at 5 dpi and one died at 7 dpi (Fig. 2i ). Necropsies were performed on the diseased birds soon after death. The most prominent gross lesions were hydropericardia and hepatitis (Fig. 2e) . The kidney showed mild or severe swelling (Fig. 2f) . Eosinophilic or basophilic inclusion bodies were found in the nuclei of hepatocytes (Fig. 2g) . There was no obvious pathological change in the non-infected group. Empirical studies found that the gross lesions and histopathologic characteristics were consistently observed in experimentally infected birds, as well as in natural cases. These results are in accordance with previous studies demonstrating that some serotype 4 adenoviruses are obviously pathogenic (Nakamura et al., 1999; Schonewille et al., 2008; Steer et al., 2015) . This suggests that HPS could be caused by FAdV-4, not by co-infection with other pathogens such as CIAV, MDV and ALV-J. In this study, FAdV-4 was capable of inducing HPS via subcutaneous injection.
However, the transmission route of HPS-FAdV is still unclear. Previously, Ono and colleagues demonstrated that other serotypes of FAdVs spread rapidly through direct contact with inoculated chickens (Ono et al., 2007) . To date, the vertical transmission of FAdV-4 has not been reported. However, in China, HPS has occurred in chicks that were less than days old, as well as in different chicken flocks from the same hatcheries. This suggests that horizontal transmission is likely to play a key role in the epidemiology of FAdV-4. Thus, continued surveillance of FAdV-4 will be required to understand the epidemiology of the virus associated with HPS.
To determine the varying patterns of the FAdV loads and distribution in chickens following infection, different tissues (heart, liver, glandular stomach, intestinal tract, pancreas, spleen, thymus, bursa of Fabricius, lung, weasand, kidney and brain) that were obtained from the dead chickens at 4 dpi were analysed by quantitative real-time PCR (qRT-PCR); the three non-infected chickens were used as controls. The absolute FAdV genome load in the dead chickens was quantified using FAdV-4-specific primers. Statistical comparisons were made using analysis of variance, and statistical significance was represented by P-values less than 0.05 and 0.01. The results revealed that the virus was detected in all of the organs and the FAdV load was significantly higher in the liver than in the other organs (P<0.01) (Fig. 2j) . Viral DNA was not detected in any tissues from chickens in the control group. The results indicate that the liver is the main target organ of FAdV-4. Additionally, a close correlation was found between hydropericardium and hepatic necrosis in experimental and natural cases. Acute hepatic necrosis may cause marked hepatic circulatory failure. This hepatic circulatory failure may predispose chickens to heart circulatory failure and then hydropericardium. Acute hepatic necrosis results in acute heart failure and ultimately death. Therefore, it is necessary to further study the pathogenesis of FAdV-4 infection. At present, the virus causing HPS has been shown to belong to a pre-existing serotype, and studies of the characterization and antigenicity of the isolate, as well as a potential vaccine, are in progress.
